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Grain boundaries play a critical role in applications of superconducting Nb3Sn: in dc applications,
grain boundaries preserve the material’s intrinsically high critical-current by pinning flux, while in
ac applications grain boundaries can provide weak points for flux entry and lead to significant
dissipation. We present the first ab initio study to investigate the physics of different boundary
types in Nb3Sn using density functional theory. We identify an energetically favorable selection of
tilt and twist grain boundaries of distinct orientations. We find that clean grain boundaries free
of point defects reduce the Fermi-level density of states by a factor of two, an effect that decays
back to the bulk electronic structure ∼1–1.5 nm from the boundary. We further calculate the
binding free-energies of tin substitutional defects to multiple boundaries, finding a strong electronic
interaction that extends to a distance comparable to that of the reduction of density of states.
Associated with this interaction, we discover a universal trend in defect electronic entropies near a
boundary. We probe the effects of defect segregation on grain boundary electronic structure and
calculate the impact of substitutional impurities on the Fermi-level density of states in the vicinity
of a grain boundary, finding that titanium and tantalum have little impact regardless of placement,
whereas tin, copper, and niobium defects each have a significant impact but only on sites away from
the boundary core. Finally, we consider how all of these effects impact the local superconducting
transition temperature Tc as a function of distance from the boundary plane.
I. INTRODUCTION
Nb3Sn is a type-II superconductor and belongs to the
A15 class of superconductors which held the record for
highest Tc from 1954–1968 [1, 2]. With a critical temper-
ature of 18 K and the ability to operate in high fields,
Nb3Sn is widely used in applications for high-field mag-
nets in particle accelerators, fusion reactors, nuclear mag-
netic resonance, magnetic resonance imaging and non-
magnet applications such as superconducting radio fre-
quency (SRF) cavities [3–8].
Superconducting Nb3Sn lives in an interesting regime
sharing features of both elemental and high-Tc supercon-
ductors. Grain boundaries are known to degrade the
superconducting properties of the cuprates and other
modern high-Tc superconductors, providing structural
disorder on length scales comparable to their notably
short coherence lengths [9–12]. Nb3Sn is a conven-
tional superconductor based on the elemental supercon-
ductor niobium, but unlike niobium which has a coher-
ence length of ∼50 nm, Nb3Sn has a coherence length of
∼3 nm, approaching the scale of structural disorder from
grain boundaries [13–15]. There is even speculation that
grain boundaries in Nb3Sn may exhibit Josephson-like
effects [16–18].
Optimizing the influence of grain boundaries in Nb3Sn
depends on the application. In dc applications such as su-
perconducting wires, high-density grain boundaries pro-
vide needed pinning centers to prevent vortices from lim-
iting the critical-current density [4, 19, 20]. In ac appli-
cations such as SRF cavities, significant dissipation arises
once flux penetrates the material and grain boundaries
can provide unwanted nucleation sites [15, 21–23].
Disorder and stoichiometric variations within Nb3Sn
are known to have a profound influence on the mate-
rial’s properties [13, 24–26], and tin segregation at grain
boundaries has been observed experimentally [20, 27, 28].
Strong gradients of tin composition at grain boundaries
can reduce the critical current density, the flux pinning
force and flux pinning scaling field in superconducting
wires [29–31]. Additionally, highly degraded quality fac-
tors have been observed in SRF cavities with prominent
tin segregation at grain boundaries [28].
Nb3Sn is often engineered with ternary elements for
various optimizations. Additions of copper help Nb3Sn
growth by lowering the A15 formation temperature, and
additions of titanium and tantalum, prevent the transfor-
mation into the tetragonal phase [13, 25, 27]. Segrega-
tion of these impurities at and around grain boundaries
have been observed [20]. While the flux pinning force is
known to scale with grain boundary density, it can also
be affected by other defects at the boundary [32, 33]. As
Nb3Sn continues to be optimized, distinguishing the ef-
fects among defects opens up exciting prospects for grain
boundary engineering [34].
We study the influence of grain boundaries on the
properties of Nb3Sn from first principles using density
functional theory. We identify a selection of energeti-
cally favorable structures featuring both tilt and twist
grain boundaries, study the impact of boundaries on the
electronic structure, and the behavior of defects near a
boundary. Motivated by recent experiments that found
highly degraded quality factors in Nb3Sn SRF cavities
with excess tin at grain boundaries, we calculate how
the local superconducting properties are affected by a
boundary containing their measured tin concentration
profile [28].
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FIG. 1. Atomic structures with niobium colored in blue and tin in red. (a) The unit cell of cubic A15 Nb3Sn with the tin
atoms forming a bcc-lattice and chains of niobium atoms running along the faces of the cubes in the three orthogonal directions.
Relaxed atomic positions in (b) the (110)-twist boundary cell and (c) the (110)-tilt boundary cell reported in Table I.
II. METHODS
We perform density functional theory calculations
within the pseudopotential framework using open-source
plane wave software JDFTx [35]. The electronic
states are calculated for the outer electrons of niobium
(4p65s24d3) and tin (4d105s25p2) while the atomic cores
are treated using ultrasoft pseudopotentials [36]. We
use the Perdew-Burke-Ernzerhof (PBE) approximation
to the exchange-correlation functional and employ a 12
Hartree planewave cutoff energy [37]. Defect energies are
calculated at high electronic temperatures using a Fermi
function with a 5 milliHartree electronic temperature,
chosen to be close to the experimental growth temper-
ature of Nb3Sn cavities [15, 38, 39]. Parameters relevant
to our superconductivity analysis such as the densities of
states are calculated at zero-temperature using the cold-
smearing method developed by Marzari where we again
use a smearing width of 5 mH to maintain the same tol-
erance with respect to k-point sampling [40]. With these
parameters, we calculate the lattice parameter for cubic
A15 Nb3Sn to be 5.271 A˚, in excellent agreement to its
measured value of 5.289 A˚ [13, 41]. For cubic A15 Nb3Sn
we sample 63 k-points in the Brillouin zone then trans-
form to a maximally localized Wannier function basis to
perform a dense Monte Carlo sampling to accurately cal-
culate the density of states [42]. The k-point meshes for
the grain-boundary cells are chosen to have a sampling
density comparable to the unit cell calculation, and their
density of states are calculated with a tetrahedral inter-
polation scheme. All results of the boundary cells involve
fully relaxed internal atomic coordinates. We also con-
sider the effects of lattice relaxation by setting the in-
terfacial plane at the bulk lattice constant and allow the
lattice to relax along the boundary plane normal. We
note, however, that the lattice relaxations do not signifi-
cantly change any of the boundary energies so the results
reported below are calculated at the bulk lattice constant.
III. BOUNDARY STRUCTURES AND
ENERGIES
Nb3Sn is an intermetallic alloy in the A15 phase; its
cubic unit cell is displayed in Fig. 1(a) [43]. The A15
structure is characterized with one species of atom (tin)
forming a bcc-lattice and each cube face containing two
of the other atomic species (niobium). The two atoms on
each cube face form one-dimensional chains of transition
metals in the three orthogonal directions [44]. This par-
ticular structure is characteristically accompanied with a
high Fermi level density of states [41].
The electronic structure and the superconducting
properties of A15 materials are known to be sensitive
to point defects, particularly when the structure strays
away from its ideal stoichiometry [24, 26]. Here, we re-
port the impact of grain boundaries on various properties
of Nb3Sn and how these extended defects may interact
with point defects. To our knowledge, the only existing
first-principles studies on grain boundaries in this ma-
terial are an unpublished thesis [45] and a recent study
that looked at three defect sites in one boundary cell but
3TABLE I. List of boundaries labeled with their interfacial
plane and boundary type, their misorientation angle, the dis-
tance between boundaries, and their relaxed grain boundary
energies, γ.
Boundary θ Grain Separation γ (mJ m−2)
(110)-tilt 90◦ 2.99 nm 1455
(112)-tilt 70.5◦ 2.59 nm 840
(120)-tilt 53.1◦ 2.36 nm 1440
(100)-twist 90◦ 2.64 nm 650
(110)-twist 70.5◦ 2.36 nm 1300
included no results on the electronic structure [28].
A grain boundary refers to the interface between two
crystal grains of differing orientations and can described
by their grain boundary plane and misorientation an-
gle [46]. The two idealized boundary types are the twist
and tilt boundary, and an example of each is shown in
Fig. 1(b) and (c) respectively.
Grain boundaries are planar defects with excess free
energy per unit area. For a simple estimate of a grain
boundary energy, we follow Ref. 47 to estimate the
amount of elastic work done to create a surface based on
the material’s elastic modulus. Since Nb3Sn has a elastic
modulus of ∼127 GPa [48], we expect grain boundary
energies roughly in the range of 700–1500 mJ m−2.
Table I lists a selection of relaxed tilt and twist grain
boundary cells. Their grain boundary energies are calcu-
lated using
γ =
(EGB − Ebulk)
2A
, (1)
where EGB and Ebulk refer to the total energies of the
boundary structure and the bulk structure of the same
size, and A is the interfacial area of the boundary. All
table entries involve structures with exactly a 3:1 stoi-
chiometry except for the (100)-twist, where we remove
two Nb atoms and place them in bulk Nb because Nb3Sn
is often grown on a Nb substrate.
IV. THE IMPACT OF A CLEAN BOUNDARY
ON ELECTRONIC STRUCTURE
A notable feature of the A15 superconductors is their
high Fermi-level density of states. For weakly-coupled su-
perconductors, the critical temperature can be described
with the BCS equation, which exhibits an exponential
dependence on the Fermi-level density of states N(0).
kBTc = 1.14EDe
−1/N(0)V (2)
Strongly-coupled superconductors such as Nb3Sn are
more accurately described with Eliashberg theory applied
within a density-functional framework to calculate the
electron-phonon coupling, V [49–51]. The critical tem-
perature in this case is determined with the phenomeno-
(a) (b)
(c) (d)
FIG. 2. (a) Total density of states in bulk Nb3Sn calcu-
lated in a maximally localized Wannier function basis. The
d-orbital projected density of states on niobium atoms plot-
ted on the same scale in (b) a pure bulk cell, and in the (c)
bulk region and (d) grain boundary core of (112)-tilt bound-
ary cell. Each of (b–d) are plotted on the same scale for direct
comparison.
logical McMillan formula, which exhibits the same expo-
nential dependence on N(0) as Eq. 2 [52].
We calculate the total density of states of cubic A15
Nb3Sn in a maximally-localized Wannier function basis
in order to resolve sharp features in k-space. The total
density of states is shown in Fig. 2(a). To visualize
the contribution of the 1D niobium chains, we plot the
partial projected density of states along d-orbitals of bulk
niobium atoms in Fig. 2(b).
The high peak in the density of states at the Fermi-
level varies rapidly on small energy scales, dropping by
more than a factor of 2 within 0.2 eV. This feature is a
result of the conducting d-orbitals of the long 1D-chains
of niobium atoms, or other transition metals for the other
A15 superconductors [13, 41]. This is confirmed by com-
paring Fig. 2(a) and (b), showing the direct correspon-
dence between the niobium atom d-orbital projected den-
sity of states with the total density of states. Once these
chains are disturbed by defects, the high Fermi-level den-
sity of states is lost [26].
We now investigate how an extended defect such as a
grain boundary impacts the density of states. In Fig. 2
we plot the d-orbital projected density of states of (c) six
niobium atoms in the bulk region and (d) six niobium
atoms on the grain boundary core in the (112)-tilt bound-
ary. We note that Fig. 2(b–d) are plotted on the same
scale and can be compared relative to one another. The
niobium atoms in the bulk region of the boundary cell
have density of states nearly indistinguishable from that
of niobium atoms in infinite bulk Nb3Sn, showing that
our cell is converged with respect to the boundary sep-
aration. For the niobium atoms on the grain-boundary
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FIG. 3. Local density of states curves across slabs in the
(112)-tilt boundary cell (top). The corresponding Fermi-level
density of states profile as a function of distance from the
boundary (bottom).
core, the Fermi-level density of states is significantly re-
duced, roughly by a factor of two.
To see how far this reduction extends into the crystal,
we perform local density of states calculations, averaging
over slabs perpendicular to the boundary plane. Results
from this local density of states analysis and the corre-
sponding profile of the Fermi-level density of states are
plotted in Fig. 3. We find that the factor of two reduction
in the Fermi-level density of states at the grain boundary
core decays smoothly back to the bulk value, in ∼1 nm
from this boundary, and in ∼1–1.5 nm from boundaries
in general.
V. INTERACTIONS BETWEEN BOUNDARIES
AND POINT DEFECTS
A. Binding energy of tin antisite defects to a
boundary
Understanding how defects interact with grain bound-
aries in Nb3Sn can help advance applications of the ma-
terial. The diffusivity of tin atoms through grain bound-
aries relative to bulk is important for Nb3Sn growth [33].
Tin defects at grain boundaries have been observed to
be particularly detrimental to the material in multiple
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FIG. 4. Binding free-energy of SnNb defects to a boundary
(top) and the corresponding electronic entropy contribution
to the free energy (bottom).
applications [4, 20, 28]. Accordingly, we first turn our
attention towards tin defects near a grain boundary.
The prevailing tin defect in A15 Nb3Sn consists of a
tin atom sitting on niobium site, denoted as SnNb [53]. In
the top panel of Fig. 4, we plot the defect free-energies of
tin substitutions relative to a tin substitution in bulk as
a function of distance from a boundary in our (110)-tilt,
(112)-tilt, and (100)-twist boundary cells. The bottom
panel of Fig. 4 displays the electronic entropy component
of these free energies.
We find a strong, extended electronic interaction be-
tween tin antisite defects and grain boundaries that de-
cays to bulk behavior within ∼1–1.5 nm. Near the
boundary, we find a range of attractive and repulsive sites
in all three boundary cells and conclude that the trends in
these antisite free-energies may be complicated by struc-
tural details of the boundaries. Remarkably, however,
the electronic entropy components of these free energies
collapse onto a single curve when plotted as a function
of distance and explain the magnitude and range of the
interaction with the boundary. There are significant free-
energy gains approaching ∼0.5 eV favoring segregation of
tin defects towards grain boundaries.
5B. Impact of substitutional defects on a
boundary’s electronic structure
To gain insight on the combined effect of defects and
grain boundaries on superconductivity in this material,
we look to see how various defects impact the local Fermi-
level density of states. In light of the nearly universal
electronic interactions observed above, we consider for
these investigations a single example for a case study,
selecting the (112)-tilt boundary for its relatively low en-
ergy and non-trivial structure.
Because of the prevalence of metallic substitutions de-
tected at grain boundaries in Nb3Sn [20, 27, 28], we con-
sider the two antisite defects SnNb and NbSn as well as
defects of common ternary additions TiNb, TaNb, and
CuSn [32, 54]. For a defect on the grain boundary core,
we put the defect atom on the lowest-energy defect site
identified within the core of the (112)-tilt boundary. We
compare the effect of this substitutional defect to the
same defect in bulk by placing the same defect in the
bulk region in a second calculation. Fig. 5(b) indicates
the specific locations of niobium and tin sites for both
bulk and grain boundary defects.
Earlier we found the effect of a clean grain boundary
on the local Fermi-level density of states. Here, we repeat
the same procedure in the presence of one substitutional
defect. Fig. 5(a) compares the profiles of the Fermi-level
density of states resulting from SnNb, NbSn, TiNb, TaNb,
and CuSn defects. The profile of the clean grain boundary
free of point defects is displayed in Fig. 3(b).
We find that, because a clean grain boundary itself
already degrades the Fermi-level density of states by a
factor of two, placing a point defect on the grain bound-
ary core does not further degrade the density of states.
In contrast, placing defects in the bulk region allows
for greater impact on the local Fermi-level density of
states. The most notable degradation arises from the
SnNb, NbSn, and CuSn defects in bulk. These partic-
ular point defects profoundly disturb the conducting d-
orbitals along the niobium chains. Interestingly, the TiNb
and TaNb defects in bulk preserve most of the Fermi-level
density of states, likely due to the chemical similarity of
these elements to niobium. This disparity between de-
fects underscores the importance of distinguishing varia-
tions in stoichiometry arising from ternary elements from
intrinsic variations in tin content which can have entirely
different consequences.
VI. SUPERCONDUCTIVITY AND GRAIN
BOUNDARY COMPOSITION
Lastly, we consider the effects of grain boundary com-
position on the local superconducting properties. We
calculate the impact of a grain boundary with tin-
concentrations corresponding to measurements of Ref. 28
that reported a Gibbsian interfacial excess of 10–20 tin
atoms/nm2. We model their observations in our (110)-
(a)
(b)
FIG. 5. (a) Local Fermi-level density of states across the
(112)-tilt boundary boundary including one defect atom on
the grain boundary core (dotted lines) or in bulk (solid lines).
(b) Atomic configuration displaying the tin and niobium
atoms (red, blue), and the tin and niobium sites for substitu-
tional defects (black, white).
tilt boundary cell containing the concentration profile
displayed in Fig. 6(b), where the atomic positions are
averaged over a Gaussian corresponding to the lateral
resolution of their probe. Ref. 28 reports a ∼3 nm wide
boundary with a maximum tin concentration at 35%,
and the gray curve in Fig. 6(b) approximates this with
a Gaussian displaying a peak concentration of 35% and
a width of 4σ = 3 nm. To ensure we do not overesti-
mate the effects of tin-segregated grain boundaries, we
add a modest excess of 10 tin atoms/nm2, spanning a
slightly smaller width than that reported. Finally, the
local Fermi-level density of states profiles from the clean
(110)-tilt and the same structure with excess tin atoms
are displayed in Fig. 6(c).
The depression in the Fermi-level density of states from
the tin-rich grain is only slightly deeper but extends much
further than that of its stoichiometric counterpart. To
understand the impact of the clean and tin-rich bound-
ary structures on the local superconducting transition
temperature Tc, we note that first principle studies in
Nb3Sn have established that the primary impact on Tc
in this material comes from the Fermi-level density of
states as opposed to other factors. Specifically, a first
principles study on the impact on strain in Nb3Sn showed
that ∼80% of the degradation of the superconducting
properties from strain comes from the reduction in the
Fermi-level density of states [55], and another first prin-
ciples study on antisite defects in Nb3Sn also found Tc
6(a)
(b)
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FIG. 6. (a) Two-dimensional slice of the electron density in the (110)-tilt boundary. (b) Atomic concentration profile added
to the (110)-tilt boundary to simulate the interfacial excess measurements reported in Ref. 28, approximated by the gray curve.
(c) Local Fermi-level density of states profiles around the clean and tin-rich (110)-tilt boundaries. (d) Resulting estimates of a
local superconducting transition temperature Tc from averaging the profiles over the volume of a Cooper pair.
to be strongly correlated with the Fermi-level density of
states [26]. To provide local values for Tc, the Fermi-level
density of states must be averaged over the appropriate
length scale of a Cooper pair, specifically the coherence
length. Fig. 6(d) shows our resulting estimates for the
local transition temperature, obtained by integrating the
density of states profiles in Fig. 6(c) over a sphere of ra-
dius 3 nm to coincide with the coherence length of Nb3Sn.
We find the reduction in Tc to be wider and much
deeper for the tin-rich boundary than for the clean
boundary as a result of the much wider depression in the
local Fermi-level density of states. The local Tc around a
clean grain boundary is barely degraded because the de-
pression in the density of states has a diameter of ∼2 nm
while a Cooper pair has a radius of 3 nm. However, a
boundary filled with tin-defects widens the depression in
the density of states, to the detriment of the local super-
conducting properties. This result correlates well with
the findings of Ref. 28, reporting degraded quality fac-
tors from Nb3Sn SRF cavities containing tin-rich grain
boundaries and high quality factors from cavities contain-
ing clean grain boundaries. We also expect degradations
in the local superconducting properties from boundaries
filled with NbSn and CuSn defects, and note that similar
effects on copper’s influence have been observed [56].
Grain boundaries with low Tc are a candidate mecha-
nism that lowers the first vortex entry field in Nb3Sn SRF
cavities, and enhancing flux pinning in Nb3Sn supercon-
ducting wires is the only opportunity to improve critical
current densities [4, 57]. Ginzburg-Landau simulations
can build off of these local Tc estimates to further our
understanding of flux penetration and pinning at grain
boundaries in Nb3Sn [21, 23, 30].
7VII. CONCLUSIONS
This paper presents the first ab initio investigation of
the physics of different boundary types in Nb3Sn. To
our knowledge, this study is the first to investigate twist
boundaries in addition to tilts and to include boundary
planes with distinct orientations. We present a selection
of energetically favorable structures and identify struc-
tures at the low end of the expected energy range for both
boundary types. These representative structures provide
a foundation to examine the physics of grain boundaries
in Nb3Sn broadly.
We present the impact a grain boundary has on the
electronic structure and find that the Fermi-level density
of states is significantly degraded, which is expected from
the disrupted niobium chains in the A15 phase. We find
that grain boundaries have a striking long-range effect
on the electronic structure, where the depression in the
density of states extends out to ∼1–1.5 nm.
Looking towards the impact of a boundary’s electronic
structure on the binding energy of defects, we find a
strong electronic interaction that also extends out ∼1–
1.5 nm. Defect free-energies near the boundary are com-
plicated by local structural details, but the electronic en-
tropy contributions to the defect-boundary interaction
remarkably collapse onto a single curve and provide a
ready explanation of the magnitude and range of the in-
teraction. Finally, we predict grain boundaries to have a
full-width interaction range of ∼2–3 nm with point de-
fects, correlating well with the atomic content measure-
ments [20, 27, 28].
Defects also affect the electronic structure of grain
boundaries. We find that point defects on the grain
boundary core at low concentrations do not degrade the
density of states much beyond the impact of the bound-
ary itself. We do find that point defects away from the
boundary have more of a relative impact, with bulk SnNb,
NbSn, CuSn defects in particular being severely detrimen-
tal. We also find evidence that other defects such as TiNb
and TaNb can be used as dopants without severely im-
pacting the electronic structure of the material.
Finally, we introduce a model for a local superconduct-
ing transition temperature Tc in the vicinity of a grain
boundary. Given the damaging impact of SnNb defects
on the Fermi-level density of states and the fact that the
transition temperature in Nb3Sn is most sensitive to the
density of states, we calculate the effect of a boundary
containing a tin concentration profile analogous to those
observed in experiment. We find a wide depression on
the Fermi-level density of states in the tin-rich bound-
ary that extends further than from a clean boundary of
the same structure. This wide depression causes a large
reduction in Tc around the tin-rich boundary while the lo-
cal Tc around a clean boundary is barely degraded. From
this, we conclude that grain boundaries with excess tin
are indeed more detrimental to superconductivity than
are clean grain boundaries, and affirm that controlling
tin defects is crucial for applications of superconducting
Nb3Sn.
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